The solar wind spectral properties are far from uniformity and evolve with the increasing distance from the sun. Most of the available spectra of solar wind turbulence were computed at 1 astronomical unit, while accurate spectra on wide frequency ranges at larger distances are still few. In this paper we consider solar wind spectra derived from the data recorded by the Voyager 2 mission during 1979 at about 5 AU from the sun. Voyager 2 data are an incomplete time series with a voids/signal ratio that typically increases as the spacecraft moves away from the sun (45% missing data in 1979), making the analysis challenging. In order to estimate the uncertainty of the spectral slopes, different methods are tested on synthetic turbulence signals with the same gap distribution as V2 data. Spectra of all variables show a power law scaling with exponents between -2.1 and -1.1, depending on frequency subranges. PDFs and correlations indicate that the flow has a significant intermittency.
Introduction
The solar wind fills the heliosphere from the Sun to the termination shock with a supersonic flow of magnetized plasma. This flow is time-dependent on all scales and expands with distance. The flow has fluctuations on a broad range of scales and frequencies. This fluctuations are not just convected outward but show active energy cascades among the different scales. The solar wind turbulence phenomenology has been comprehensively reviewed by Tu and Marsch (1995) and Bruno and Carbone (2013) .
Most studies of solar wind turbulence use data from near-Earth, with spacecrafts in the ecliptic near 1 AU (see Tu and Marsch, 1995) . Recent studies of the solar wind near 1 AU found the fluctuations in magnetic field are fit by power laws with exponents of -5/3 while those of velocity often show exponents of -3/2 (Podesta et al., 2007) . The Ulysses spacecraft provided the first observations of turbulence near the solar polar regions (see Horbury and Tsurutani, 2001) ; hourly-average Ulysses data show that the velocity power law exponent evolves toward -5/3 with distance from the Sun, and that spectra at 1 AU are far from the asymptotic state (Roberts, 2010) . In order to understand the evolution of the solar wind and its properties, it is necessary to analyze data at larger radial distances. However, data gaps typically increase with the distance and make the spectral analysis challenging. In this paper we use Voyager 2 (V2) plasma and magnetic field data from near 5 AU to study the structure of turbulence in the solar wind. Voyager 2 was launched in August 23, 1977 and reached a distance of 5 AU in the first half of 1979 (just before the Jupiter fly-by -V2 closest approach to Jupiter was on July 9). We use data from January 1 to June 29, 1979 (DOY 1 − 180) . That year V2 sampled plasma data with a resolution of 12 seconds. After that, telemetry constraints decreased the data sampling first to every 96 seconds, and now every 192 seconds. The Voyager plasma experiment observes plasma currents in the energy/charge range 10 − 5950 eV /q using four modulated-grid Faraday cup detectors (Bridge et al., 1977) . The observed currents are fit to convected isotropic proton Maxwellian distributions to derive the parameters (velocity, density, and temperature) used in this work. Magnetic field and plasma data are from the COHO web site (http://omniweb.gsfc.nasa.gov/coho/).
In 1979 data gaps are due mainly to tracking gaps; some smaller gaps are due to interference from other instruments. As a consequence, datasets from Voyager 2 are lacunous and irregularly distributed. In order to perform spectral analysis, methods for signal reconstruction of missing data should be implemented.
In section two we present the physical behavior around 5 AU through statistical analysis and plasma parameters. In section three the implemented signal reconstruction methods are presented and validated on known synthetic turbulence time series of imposed spectral properties, on which gaps -the same as in the Voyager data -have been projected. In section four the plasma and magnetic field spectra are shown and discussed through the evaluation of the spectral index α -that is the exponent with which the frequency f is proportional to the power spectrum P (f ), P (f ) ∝ f α . Conclusions and future development follow in section five. figure 2 shows the fluctuations of each component for this period, where the use of Alfvénic units b = B/ √ 4πρ (ρ is the ions density) for the magnetic quantities allows direct comparison with the velocity field V. Higher fluctuations of velocity can be observed in the radial direction, while in the other two directions the magnetic fluctuations are slightly larger. In the same plot it is also shown a zoom focusing on only 4 days, which shows the sections where data are missing. In the period considered the solar wind is slow, with a mean velocity of 454 km/s. In the low-speed wind the fluctuations are generally higher than in the fast wind, and the magnetic energy is generally higher than the kinetic energy (Marsch and Tu, 1990a; McComas et al., 2003) . In fact, the energy per mass unit is about 15% higher in the magnetic field with respect to the plasma velocity, while the integral scales are almost equal, as shown in table 1. In the same table other characteristic parameters and frequencies are reported. Note that the normalized cross-helicity σ c = 2H c /E = 2 δV · b / δV 2 + δb 2 is low (≈ 0.01).
The presence of intermittency in the velocity and magnetic fields can be ob- served by looking at the probability density functions (PDFs) of the modules of the vector fields, shown in figure 2 (c). The same plot shows a three-component chi-square distribution as a reference. Intermittency occurs over a broad range of scales and seems to be slightly higher in the magnetic field data which has larger skewness and kurtosis (see table 2 ). Anisotropy of the fields can be observed by looking at the single components in figure 2. Particularly important are the differences of the radial components compared to the tangential and normal ones: A quantification of the anisotropy can be appreciated by comparing the skewness values in table 2.
3 Spectral analysis of lacunous data: methods and validation with synthetic turbulence data
The data from the Voyagers suffer from increasing sparsity as the probes move outward in the solar system. There are many causes of data sparsity, noise and artificial unsteadiness in the signals, the most important of which are: (i) tracking gaps due to the V2 location and due to limited deep space network availability; (ii) interference from other instruments; (iii) possible errors in the measurement chain (from the Faraday cups up to the data acquisition system and the signal shipping to Earth); (iv) the temporal sequence of the propulsion pulses (nuclear propulsion) used to control the Voyager trajectory and thrusters pulses on the spacecraft used to assist in several critical repositionings of the spacecraft. We will use the following notation: δt is the time distance between two consecutive data points; δt s is the resolution of the data used, or the sampling rate of the instruments; Ls length of a data subset, or segment; Lg is the length of the data gap. In the period considered, the resolution was 96 s and 48 s for plasma and magnetic field data, respectively. For the Voyager magnetometer experiment, the 48 s data comes from averages of higher resolution data (1.92 s and 9.6 s). The longest continuous (i.e. no missing data, δt ≤ δt s ) data subset is Ls ≈ 19.5 hrs. Further information on these datasets are shown in table 3, while the δt distribution is shown in figure 3 .
In this section we show the analysis procedure followed to perform a reliable spectral analysis and to quantify the uncertainty of the results of section 4. Two sequences of synthetic turbulence (named Synt1 and Synt2 ) have been generated from imposed three-dimensional spectral properties:
Synt1 reproduces the energy-injection range and the Kolmogorov inertial range of canonical 3D fluid turbulence, while Synt2 reproduces also the dissipative part of the spectrum. Both the sequences mimic the variance and the integral scale of V2 data, and 1D spectra (see black curves of figure 4) are computed from the relation for homogeneous and isotropic turbulence E 3D (f ) = −f dE 1D /df (see Monin and Yaglom, 1971, Chap. 3) , where f is the frequency. The same distribution of gaps (see figure 3 ) of the V2 plasma data has been projected to the synthetic set. Different methods to compute the power spectral density have been tested, and the results are shown in figure 4. We consider as parameters for this analysis Lg, which here represent the maximum size of gaps "filled" by the interpolation, and Ls, the length of continuous segments. Results of direct FFT after linear interpolation are shown in figure 4a,b,d ,e, showing averaged spectra (ensembles of 80 to 400 subsets). The low-pass character of the linear interpolator is evident, resulting in an overestimation of the The data resolution is δt sB = 48 s, averaged values from the higher resolution data. Note that in both cases many time intervals δt = δt s + j · δt s , with j = 1, 2, ..., characterize the data. Note also that δt = δt s + j · δt s represents a gap of (j − 1) missing data.
slopes for all cases which increases with Lg. For Lg = 30 min and Ls = 24 hrs the error of the exponent α is below 3% for both Synt1 and Synt2 in the range 10 −5 ≤ f ≤ 10 −3 . The discrepancy for f > 10 −3 is about 8%. A windowing technique (Hann window) is necessary to eliminate noise effect (≈ 1/f ) due to segmentation. To preserve the total energy a factor of 2.66 is applied to the squared Fourier coefficients. The effect of the window can be appreciated in panel (d) of figure 4, where no windowing is applied. To extend the analysis to a broader range of frequencies, we computed the correlation spectra (panels c,f ). The computation of the correlation is delicate, since the convergence to correct values is slow and the gap distribution deeply affects the spectral results. The red curve of figures 4 (c,f ) results from correlations computed directly from available data. This result is completely non-physical and the peaks are due to the δt distribution of figure 3. Indeed, these peaks are evident in the spectrum of the characteristic function Φ (grey curve in panels c,f ), where Φ = 1 when the signal is available, Φ = 0 elsewhere. If a linear interpolation of the data is performed, correlations show a much better convergence to the correct values and the error of the slope α is about 2.5% in the inertial range (blue curves). Note that in this case no averaging is possible, but a smoothing technique is applied by averaging frequencies in a bin of varying width around each point (energy is preserved).
The last method we test is the maximum likelihood reconstruction described by Rybicki and Press (1992) and applied by Press and Rybicki (1992) . The Lg is the maximum gap length where interpolation is performed, Ls the length of continuous data segments after interpolation and α is the exponent of the power law fit. For all the averaged spectra shown, the number of subsets used is between 80 and 400. (a,b) Averaged spectra from direct FFT (with Hann windowing) after linear interpolation on Synt1 sequence. The low-pass effect increases as Lg, and becomes evident for f > 10 −3 Hz where the lower error (Ls = 24 hrs, Lg ≤ 0.5 hr) on the slope is around 8%. For lower frequencies this error is about 2.8%. (d,e) The same method is applied to Synt2, and the effect of a windowing technique is shown. (c,f) Red line: spectrum from two-point correlation computed from raw data. The influence of the gap distribution is clear (compare with the grey curve), as both non-physical peaks and 1/f noise are evident. The frequency distance between peaks 2-6 is constant, ∆f p = 0.0014. Non-physical peaks can be recognized by tracing the spectrum (grey line) of the function Φ. Blue line: correlations computed after linear interpolation of data; the original spectrum is recovered with error of 2.5% for all frequencies. Green line: maximum likelihood reconstruction (see Rybicki and Press, 1992) . In this case a discrepancy below 2.5% can be obtained for an extended frequency range with respect to the direct FFT method (up to 4 hrs gaps are recovered). Table 4 : Synthesis of the exponents found for velocity and magnetic fields in different frequency ranges. b is the magnetic field in Afvénic units (b = B/ (4πρ)). For the velocity field, exponents in the higher frequenciy range are computed neglecting the peak present at f = 2.6 mHz.
f range |V | |B| |b| 10 −6 − 10 method is based on a minimum-variance recovery with a stochastic component. It allows us to compute different statistically equivalent reconstructions, which are constrained by the data when these are available. When the data are missing, the reconstruction consists of the minimum variance interpolation plus a stochastic process based on a correlation matrix. We compute this matrix from the actual data two-point correlations. Afterwards, averaged spectra of recovered subsets are computed. We see that in this case the accuracy of 2.5% can be achieved by filling up to 4 hrs of gaps (see green curves of figure 4 c,f ).
Velocity and magnetic field spectra at 5 AU
The evaluation of the spectral indices α allows us to characterize the energy cascade in the field. In order to estimate these exponents, the methods described in section 3 have been applied to the Voyager 2 data-field in the considered period. Figure 5 shows the output of these methods. The resulting spectra converges to a single solution, for which a global exponent can be estimated as −1.53 ± 0.09. In figure 6 the velocity spectra representing all the frequency intervals for all the velocity components are shown; the slopes estimates are presented in table 4, considering possible variations in the spectral domain. Note that, by the Taylor frozen-flow hypothesis, all the frequencies considered can be converted to radial wave-numbers:
where V SW is the mean solar wind speed. The mean exponent for the kinetic field at frequencies ranging from 10
to 10 −2 , shown in figure 6, is around −1.5. This value is lower than the -5/3 Marsh exponent and seems to support the MHD cascade model with the -3/2 Iroshnikov-Kraichnan exponent. The exponent is not constant in the whole range: it starts with higher values (−1.85) at low frequencies and decreases after f = 2 · 10 −3 , reaching values lower than −1.35. As shown by Matthaeus and Zhou (1989) , lower exponent are typical of weak turbulence, in which the field is characterized by strong mean values respect to the fluctuations, as in the Iroshnikov and Kraichnan Iroshnikov (1964) ; Kraichnan (1965) model, where an f (Hz) Figure 6 : Velocity components and module spectra in the whole frequency range (from 6.4 · 10 −8 , equivalent to a six month period, to 5.2 · 10 −3 , that is the Nyquist frequency for a sampling period 96 s) computed using the correlation method. For the exponent associated to each frequency range see table 4. exponent of −3/2 is assumed. Higher exponent are found for strong turbulence, as in the −5/3 Marsh model (Kolmogorov-like, typical of fluid dynamic, see Marsch and Tu, 1989) , where the fluctuations dominate the mean term. The flattening in the velocity spectra at high frequencies has been observed by other authors (Matthaeus and Goldstein, 1982; Roberts, 2010) . The first authors pointed out that the flattening may be due to aliasing, but the last author excluded this hypothesis. We performed our analysis on synthetic data with the same significant digits of V2 data to exclude 1/f noise. This flattening was also found for the proton density and temperature fluctuations (Marsch and Tu, 1990b) , as well as for the Eslässer variables (Marsch and Tu, 1990a) . The flattening is most typical of high-speed streams below 1 AU, in this cases the frequency range is more extended and the change of slope occurs at f ≈ 10 −7 . The peak in kinetic spectra visible at the frequency f = 2.6 mHz is thought to be associated to the data acquisition frequency -indeed, it is harmonic of the sampling frequency f s = 10.4 mHz. Notice, though, that such a peak does not show up the test cases of figure 4. Moreover it is most evident in the tangential and normal velocity components, while it is not present in the magnetic field. Analysis of the Voyager 1 data in the same period shows the same harmonic which is not present, for instance, in the year 1978.
Considering the magnetic field spectra shown in figure 7 , the exponents found are higher than for the velocity, presenting a smoother slope in the frequency range 10 −5 < f < 10 −2 in which the mean value is −1.75. At low frequencies the behavior of velocity and magnetic fields is very different: while the exponents for the magnetic spectra decrease to around −1.2, the velocity spectra become steeper, reaching values as high as −1.85. At high frequencies a slight increase in the magnetic slopes is found, with a variation of the order of 10%, and resulting exponents around 2. The ≈ −1 slope of the magnetic spectra for the low-frequency range has been discussed by Roberts (2010) , and it is related to the presence of large-scale Alfvén waves generated at the solar corona. This range typically reduces with the radial distance and for low correlated (σ c → 0) streams. Though the magnetic field fluctuations in the inertial range often follow a Kolmogorov -5/3 behavior (Podesta et al., 2007) , spectral indices around 1.8 have been recently observed at about 1 AU by other authors asŠafránková et al. (2013) .
Spectra presented here are in good agreement with those found by Matthaeus and Goldstein (1982) (magnetic spectral index of -1.7 at high frequencies for Voyager 1data at about 5 AU) and Klein et al. (1991) (magnetic spectral index of -1.17 at low frequencies and -1.88 at high frequencies for Voyager 1 data at 4 AU), where an analysis for V1 spectra of magnetic modules respectively at 5 and 10 AU can be found for frequencies ranges from 10 −7 to 10 −4 .
Conclusions
In this work we computed the spectra for a frequency range extending over five decades (10 −7 − 10 −2 ), for the solar wind at 5 AU by recovering the missing f (Hz) Figure 7 : Magnetic components and module spectra in the whole frequency range (from 6.4 · 10 −8 , equivalent to a six month period, to 10 −2 , related to the data resolution of 48 seconds) computed using the correlation method. data of Voyager 2. The analysis procedures have been validated by testing various reconstruction methods on a well-know turbulent system, homogeneous isotropic fluid turbulence, in which the same gap distribution as in the V2 plasma data were reproduced. The exponents of the velocity field are lower than those of the magnetic fields for high frequencies. At low frequencies, however, the velocity spectra became steeper, while the magnetic spectral indices decrease at values lower than 1.5. The results of the analysis are consistent with others found in the literature, confirming the validity of the reconstruction techniques used. This success allows us to plan the more challenging reconstruction and the consequential spectral analysis of recent Voyager 2 data, where only 3% of possible data points are available. This analysis would be helpful to better understand the heliosheath plasma and magnetic field topology (Richardson et al., 2008; Opher et al., 2011) .
